Infiltration of the lungs with neutrophils promotes respiratory failure during severe Pneumocystis carinii (PC) pneumonia. Recent studies have shown that alveolar epithelial cells (AECs), in addition to promoting PC attachment, also participate in lung inflammation by the release of cytokines and chemokines. Herein, we demonstrate that a PC β-glucan rich cell wall isolate (PCBG) stimulates the release of macrophage inflammatory protein-2 (MIP-2) from isolated AEC's through a lactosylceramide dependent mechanism. The results demonstrate that MIP-2 mRNA and protein production is significantly increased at both early and late time points after PCBG challenge. Although CD11b/CD18 (Mac-1, CR3) is the most widely studied β-glucan receptor, we demonstrate that CD11b/CD18 is not present on AECs. This study instead demonstrates that pre-incubation of AECs with an antibody directed against the membrane glycosphingolipid lactosylceramide (CDw17) results in a significant decrease in MIP-2 secretion. Preincubation of the anti-CDw17 antibody with solubilized lactosylceramide reverses this effect. Furthermore, incubation of AEC's with inhibitors of glycosphingolipid biosynthesis, including N-butyldeoxynojirimycin (NB-DNJ) and D-threo-1-phenyl-2-decanoylamino-3-morpholino-1-propanol-HCl (PDMP), also results in a significant decrease in AEC MIP-2 production following challenge with PCBG. These data demonstrate that PC β-glucan induces significant production of MIP-2 from AEC's and that CDw17 participates in the glucan-induced inflammatory signaling in lung epithelial cells during PC infection.
INTRODUCTION
Fungal glucans have been shown to bind several different receptors. In particular, the β2 integrin CD11b/CD18 (CR3, Mac-1) has been extensively studied as a major leukocyte membrane receptor for β-glucans (12, 13) . CD11b/CD18 possesses one or multiple lectin binding sites on the C-terminal domain of the CD11b/CD18 α subunit capable of interacting with complex carbohydrates (14) . Additional studies using leukocytes have further demonstrated that the cell membrane glycosphingolipid, lactosylceramide (CDw17), also interacts with β-glucans (15) . Interaction of glucans with CDw17 has also been reported to promote enhancement of the oxidative burst response and NF-kB activation of neutrophils (16) .
Histological studies consistently identify P. carinii organisms closely associated with the alveolar epithelium in infected human and animal tissues. Furthermore, the binding of P. carinii to alveolar epithelial cells is believed to be essential for establishment of infection (17) .
However, accumulating evidence demonstrates that pulmonary alveolar epithelial cells not only function as a passive barrier mediating gas exchange, but also actively participate in the host immune response. Alveolar epithelial cells are capable of processing and presenting antigen to T lymphocytes (18, 19) . Furthermore, isolated alveolar epithelial cells produce and secrete various cytokines and chemokines including TNFα and MIP-2 when stimulated with bacterial components like lipopolysaccharide (LPS) or whole organisms such as Mycobacterium tuberculosis (20) (21) (22) (23) .
MIP-2 is of particular interest in the pathogenesis of P. carinii pneumonia since it Hahn/Limper-5 by guest on http://www.jbc.org/ Downloaded from represents the rodent homologue of the human C-X-C chemokine IL-8 and is thus a potent stimulant of neutrophil accumulation and activation (24) (25) (26) . Although chemokine expression is an important component of the inflammatory response against PC pneumonia, exuberant expression can cause deleterious effects on respiratory system function. Bronchoalveolar lavage studies in humans demonstrate that greater degrees of lung inflammation, as evidenced by increased neutrophil burdens, are associated with worse oxygenation and increased mortality during P. carinii pneumonia (2).
The current study was therefore undertaken to determine the extent to which Pneumocystis carinii cell wall β-glucans, induce the expression of MIP-2 from primary AEC's.
We further sought to determine whether the mechanisms of AEC activation by PC β-glucans was mediated through CD11b/CD18, or through the alternate lactosylceramide (CDw17) associated β-glucan receptor. Enhanced local production of MIP-2 by AEC's may significantly promote neutrophilic lung inflammation that characterizes severe Pneumocystis carinii pneumonia and contributes to respiratory failure in this infection.
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Primary Alveolar Epithelial Cell Isolation. Rat alveolar epithelial cells were isolated according to the method of Dobbs et al. (27) . Briefly, Sprague-Dawley rats (~250g) were anesthetized by an intraperitoneal injection of pentobarbital (100 mg/kg) and exsanguinated by transection of the inferior vena cava. Blood was evacuated from the pulmonary vasculature by perfusion with normal saline. The trachea was isolated and the lungs lavaged multiple times to remove alveolar macrophages. AEC's were separated from the basement membrane by filling and incubating the lungs with porcine elastase (1500 units/animal) for 20 minutes in situ. Next, the lungs were minced, filtered, and centrifuged (130 x g). The collected cells were resuspended in DMEM and incubated for one additional hour on petri dishes coated with rat IgG to remove macrophages by Fc-mediated adherence. The non-adherent cells were collected, centrifuged (400 x g for 10 min), and resuspended in DMEM with 10% bovine calf serum, penicillin (50,000 U/L) and streptomycin (50 mg/L) solution. Cells were counted using a standard hemocytometer.
Freshly isolated alveolar epithelial cells (3x10 5 cells/well) were plated on 96 well tissue culture plates, and incubated over 48 hrs (37 o C, 5% CO 2 ), with the media being changed after the initial 24 hours. A sample of cells was also stained with FITC anti-CD45 (OX-1, Pharmingen) and viewed under fluorescence, to ensure minimal contamination by macrophages (<5%). These AEC monolayers derived after 48 hours of culture were used to study epithelial cell MIP-2 release following β-glucan stimulation.
MIP-2 Protein Quantification. To characterize AEC responses to the PC β-glucan-rich
Hahn/Limper-8 by guest on http://www.jbc.org/ Downloaded from cell wall fraction, varying concentrations (1-10 x 10 6 particles/ml) of the PCBG isolate were used to stimulate the alveolar epithelial cell monolayers. In preliminary studies, a concentration of (5x10 6 particles/ml) was found to cause optimal cell stimulation. AEC's were then stimulated and supernatants were collected at 0, 2, 6, 12, 16 or 24 hrs. A MIP-2 sandwich ELISA (Biosource, Camarrilo, CA.) was used to determine MIP-2 protein concentrations released into the media at the different time points. To further determine the relative potency of MIP-2 release from AEC's compared to alveolar macrophages (AMS), and to exclude the possibility that residual macrophages in the AEC preparations significantly contributed to the observed MIP-2 release, identical numbers of AEC's and alveolar macrophages (3 x 10 5 cells/well), as well as the maximal number of residual alveolar macrophages in the AEC isolates (5% AMS, equal to 1.5 x 10 4 cells) were stimulated with PCBG (5 x 10 6 particles/ml) for 24 hours. MIP-2 release into the medium was again determined by ELISA. The RNase protected probes were purified using chloroform/isoamyl alcohol/phenol and precipitated with ethanol. The probes were then resuspended in Laemmli loading buffer, separated on 6% polyacrylamide gels, dried, and exposed to X-ray film.
MIP
In Vivo Determination of MIP-2 mRNA levels. Intratracheal instillation of PC β-glucan was used to evaluate the in vivo expression of MIP-2 by AEC's. Sprague-Dawley rats were briefly anesthetized, the trachea isolated through a neck incision and 0.5 ml of Pneumocystis carinii β-glucan rich cell wall isolate (2x10 7 particles/ml) injected into the lungs. After 24 hours, alveolar epithelial cells were isolated from the inoculated rats as described above. A sample of cells was also stained with FITC anti-CD45 (OX-1, Pharmingen) and viewed under fluorescence, to ensure minimal contamination by macrophages (<5%). RNA was immediately extracted from the freshly isolated AECs and RPA performed to determine MIP-2 mRNA levels.
Immunoprecipitation and Immunoblot Analysis for CD11b. Since the integrin
CD11b/CD18 represents a major well-characterized β-glucan receptor, we evaluated whether it was present on cultured AECs. AEC's (5 x 10 6 ) were cultured over 48 hours. Rat macrophages (2 x 10 6 ) were also isolated from the same animals to serve as a reference source for the CD11b (28) (29) (30) . Cells were incubated with NB-DNJ, PDMP, or lipid free media alone for 72 hours and subsequently stimulated with PC β-glucan (5x10 6 particles/ml) for 16 hours. MIP-2 release was determined by ELISA. Toxicity to the AEC's induced by either NB-DNJ and PDMP was again determined using the XTT Viability Assay (Roche). To further study the effect of an independent stimulus, AECs were cultured with LPS (1.0 µg/ml), and MIP 2 release determined in the presence or absence of NB-DNJ (400 µM) Statistical Analysis. All data are expressed as the mean ± SEM. Differences between groups were determined using two-tailed Student's t test. Statistical testing was performed using SPSS software program, with statistical differences considered significant if P<0.05. It is important to note that strict precautions were taken to minimize alveolar macrophage contamination in the AEC isolates used in these studies. Anti-CD45 immunofluorescence consistently demonstrated fewer than 5% macrophages in these preparations, and negligible CD11b, a prominent macrophage marker, was detected by sequential immunoprecipitation and immunoblotting. Our data further demonstrate that, on a cell-by-cell basis, AEC's secrete greater amounts of MIP-2 than alveolar macrophages. In addition, assuming a 5% contamination of the AEC with macrophages, that number of macrophages would have only generated minimal MIP-2 (89 pg/ml) in these cultures (3, 11) . Thus, it is highly unlikely that the substantial levels of MIP-2 produced by P. carinii β-glucan stimulation of the AEC cultures were related to the few residual macrophages in these isolates. Furthermore, the murine alveolar epithelial cell line, MLE-12, which is free of any other cell population also demonstrated a significant increase in MIP-2 mRNA after PC β-glucan stimulation. In light of the greater numbers of alveolar epithelial cells in the lung contrasted to macrophages and other cells, the direct response of AECs to β-glucan components of the PC cell wall likely represents a significant source of MIP-2 during this infection. It does, however, remain possible that macrophages may also release factors that augment epithelial cell release of chemokines such as MIP-2 during in vivo challenge.
RESULTS
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Although MIP-2 is an important chemokine involved in lung inflammation, it is only one of a number of neutrophil directed cytokines. Our RPA analysis indicates that AEC also increase expression of TNFα and MCP-1 following PCBG stimulation. Prior studies by our group and others have documented that TNFα is essential for optimal clearance of P. carinii infection (3, 11, (33) (34) (35) . Additional studies indicate that MCP-1 is also significantly expressed in rodent lungs during P. carinii infection and by A549 cells stimulated with P. carinii major surface glycoprotein (36, 37) . We instead have focused on the stimulatory effects of P. carinii β-glucan because our prior studies have indicated this component to principally mediate lung inflammatory responses during P. carinii infection (3, 11) . In addition to observing enhanced expression of MIP-2, we also observed that TCA3 mRNA expression was increased after PC β-glucan stimulation in MLE12 cells. TCA3 is an activation specific cytokine product previously Hahn/Limper-31
